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OBJECTIVE: Our aim was to investigate the effects of growth hormone (GH), hyperbaric oxygen and combined
therapy on normal and ischemic colonic anastomoses in rats.
METHODS: Eighty male Wistar rats were divided into eight groups (n= 10). In the first four groups, non-
ischemic colonic anastomosis was performed, whereas in the remaining four groups, ischemic colonic
anastomosis was performed. In groups 5, 6, 7, and 8, colonic ischemia was established by ligating 2 cm of the
mesocolon on either side of the anastomosis. The control groups (1 and 5) received no treatment. Hyperbaric
oxygen therapy was initiated immediately after surgery and continued for 4 days in groups 3 and 4. Groups 2
and 6 received recombinant human growth hormone, whereas groups 4 and 8 received GH and hyperbaric
oxygen treatment. Relaparotomy was performed on postoperative day 4, and a perianastomotic colon segment
2 cm in length was excised for the detection of biochemical and mechanical parameters of anastomotic healing
and histopathological evaluation.
RESULTS: Combined treatment with hyperbaric oxygen and GH increased the mean bursting pressure values in
all of the groups, and a statistically significant increase was noted in the ischemic groups compared to the
controls (p,0.05). This improvement was more evident in the ischemic and normal groups treated with
combined therapy. In addition, a histopathological evaluation of anastomotic neovascularization and collagen
deposition showed significant differences among the groups.
CONCLUSIONS: Combined treatment with recombinant human growth hormone and hyperbaric oxygen
resulted in a favorable therapeutic effect on the healing of ischemic colonic anastomoses.
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& INTRODUCTION
Currently, operations on the gastrointestinal tract are
among the most frequently performed surgical procedures
(1). As a major surgical problem following colorectal
surgery, anastomotic dehiscence is a significant cause of
morbidity and mortality, and the rate of clinically apparent
anastomotic leakage ranges from 3.4 to 8%. In addition, at
least one-third of deaths following colorectal surgery have
been attributed to anastomotic leakage. The effects of
growth hormone (GH) and growth factors on the healing
of bowel anastomoses are currently being evaluated in
attempts to identify agents that could promote the anasto-
motic healing process (2).
GH is released from the anterior pituitary gland in
response to traumatic injury, burn trauma, surgical opera-
tions, infectious disease, and the administration of endotox-
ins. GH administration produces a positive nitrogen balance
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at all levels of energy intake (3–6), and previous studies in
rats have shown that human GH accelerates wound healing
and strengthens colonic anastomoses (7).
In gastrointestinal surgery, many instances of leakage or
dehiscence in clinical situations (tension sutures and
excessive devascularization of the ends) involve hypoperfu-
sion of the anastomoses. If the degree of hypoxia is
sufficiently severe to interfere with tissue viability, the
tissue can become necrosed, delaying wound healing (8,9).
Because ischemic wounds heal poorly and become infected
easily, preventing or reducing ischemic damage is one goal
of such surgical procedures. Tissue hypoxia can be reversed
through the use of hyperbaric oxygen (HBO), and the
beneficial effects of HBO result from increased pressure and
hyperoxia. Several studies have shown that increased
oxygen tension with HBO not only prevents the adverse
effects of ischemia, but it also accelerates healing in different
types of wounds (9).
Our aim in the present work was to investigate in rats the
roles of GH, HBO, and combined therapy in the early phase
of wound healing of left ischemic and non-ischemic colonic
anastomoses, by assessing bursting strength and histo-
pathology.
& MATERIALS AND METHODS
Animals
Eighty male Wistar rats weighing 250–300 g (Istanbul
University, Institute of Experimental Medicine and
Research, Turkey) were used in this study. All of the
animals were housed in wire mesh-bottomed cages on a 12-
hour light/dark cycle. The rats were kept in a room at a
constant temperature (22¡2 C˚) and were fed a standard
chow diet and water. The study was approved by the ethics
committee of the Istanbul Medical School of Istanbul
University.
Study design
The rats were divided into eight groups (n = 10). In the
first four groups, non-ischemic colonic anastomosis was
performed. In the remaining four groups, ischemic colonic
anastomosis was performed.
Group 1: control; normal left colonic anastomoses
Group 2: normal left colonic anastomoses + hGH
Group 3: normal left colonic anastomoses + HBO therapy
Group 4: normal left colonic anastomoses + hGH + HBO
therapy
Group 5: control; ischemic left colonic anastomoses
Group 6: ischemic left colonic anastomoses + hGH
Group 7: ischemic left colonic anastomoses + HBO
therapy
Group 8: ischemic left colonic anastomosis + hGH + HBO
therapy
Surgical procedure
After one night of fasting, the animals were anaesthetized
by an intramuscular injection of ketamine hydrochloride
(50–100 mg per kg of body weight). Abdominal access was
achieved through a midline incision 4 cm long, and the left
colon was diverted 3 cm proximally to the peritoneal
reflection. After the fecal contents were milked out, a
standardized end-to-end anastomosis was created, consist-
ing of eight interrupted, inverting sutures of 6–0 poly-
propylene. Care was taken to preserve the marginal vessels
of the colon. To establish ischemic colon anastomosis in
groups 5–8, entire vessels were ligated in the mesocolon
between 2 cm proximal and 2 cm distal from the anasto-
mosis line (8–12). After bleeding was controlled, 2 ccs of
0.9% NaCl were injected intraperitoneally, and the abdomen
was closed with 3–0 continuous silk sutures. Water and food
were given 12 and 24 hours after the procedure, respec-
tively.
Treatment
HBOT was initiated 3 hours after the surgery and was
performed four times for the first 24 hours and then three
times per day for the following 3 days. The total number of
HBOT sessions was 13. The treatments were conducted in a
small research chamber (0.4 m3), which was flushed with
oxygen for 10 minutes to vent the air inside before compression
so that the animals could be pressurized with 100% oxygen.
The HBOT sessions consisted of 10 minutes of compression to
2.5 absolute atmospheres (ata), 60 minutes at 2.5 ata, and 10
minutes of decompression to the surface pressure.
In groups 2, 4, 6, and 8, the rats were administered hGH
(Norditropin 4 IU-1.3 mg, Novo Nordisk-Denmark) subcu-
taneously at a dose of 2 mg per kilogram of actual body
weight per day for 4 days, beginning on the day of surgery
(13–16). All of the animals were euthanized 4 days after
surgery.
Measurement of colonic bursting pressure
Four days after the procedure, the rats were sacrificed.
The abdominal incisions were reopened, and the anasto-
motic suture lines were noted. The anastomotic segment
was resected, preserving the adhesions 2 cm proximal and
2 cm distal to the anastomotic line. The bursting pressure
was measured in situ, without detaching the adhesions. The
bursting pressure of the anastomotic segment was mea-
sured with a mercury manometer and a constant flow
pump. Briefly, a 16-gauge silastic catheter was inserted via a
colotomy into the proximal colon and was ligated with a 2–0
silk tie. The rectum distal to the anastomosis was ligated
with a 2–0 silk tie and was continuously infused through the
catheter via a tube pump at a rate of 4 ml/minute. The
bursting pressure was recorded (mm Hg) as the peak
pressure attained before rupture of the anastomosis, which
resulted in an abrupt drop in pressure.
Histological assessment
After bursting, the colon was excised, cleared of surround-
ing mesentery and fat, and washed with saline. The
anastomosis was excised together with 1 cm of the adjacent
proximal and distal colon. The segment of bowel was opened
longitudinally, was fixed in 10% formalin for approximately
24 hours and was embedded in paraffin. Transverse sections
of the embedded tissue 3 mm in thickness were stained with
hematoxylin and eosin, and histological assessments were
performed by experimenters who were blinded to group
identity. Necrosis, epithelialization, inflammation, granula-
tion, collagen deposition, and neovascularization at the
anastomic site were studied and were scored on a scale from
0 to 3 (0: none, 1: slight, 2: moderate, 3: dense).
Electron microscopy techniques
After measuring the bursting pressures, one sample line,
0.560.5 cm in size, from each group was prepared on the
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suture. Tissues were fixed in a 2.5% phosphate-buffered
glutaraldehyde solution for ultrastructural examination and
then were post-fixed in 1% OsO4 for 1 hour. The samples
were dehydrated in a graded series of alcohol and were
embedded in Epon 812 (Fluka AG, Germany). The blocks
were then sectioned with an LKB Ultramicrotome
(Stockholm-Sweden). Ultra-thin sections were concentrated
with lead citrate and uranyl-acetate and were examined
under an electron microscope (Jeol 1011, Tokyo) in the
Department of Histopathology, Istanbul Faculty of
Medicine.
Statistical analysis
All of the data are expressed as the means ¡ SDs. The
Kruskal-Wallis test and an ANOVA were used for the
statistical analysis, and p,0.05 was accepted as significant
(SPSS, version 11.0 for Windows).
& RESULTS
In this study, we investigated two main parameters of
wound healing in left ischemic and non-ischemic colonic
anastomoses. Bursting pressure measurements provided
information on the mechanical strength of the anastomosis,
and histopathology was performed to assess the early
phases of wound healing in the colonic anastomoses. All
of the animals tolerated the surgery well, and there were no
deaths during the study.
Bursting pressure assessment
The mean bursting pressures of non-ischemic colonic
anastomoses (groups 2, 3, and 4) were higher than those of
the control group. Bursting pressures in the untreated
control group (group 1) were significantly lower than those
in the hGH + HBO group (group 4), which received non-
ischemic colonic anastomoses (p,0.05 and p,0.05, respec-
tively). These results are presented in Table 1. Comparisons
between the bursting pressure values of the sixth, seventh,
and eighth groups and those of the control group (group 5)
revealed that all three groups were significantly different
from the control group (p,0.01, Table 2).
Histological assessment
At necropsy, all of the anastomoses were covered with
either omentum or small bowel loops, and they lacked any
evidence of leakage or peritonitis. Upon investigating the
early period of wound healing, groups 3–4 showed lower
levels of tissue necrosis (0.3) than the non-ischemic groups
(p,0.05). When tissue collagen levels were compared
among the groups, groups 3–4 differed significantly from
the control group (p,0.01) (Figure 1). In addition, the
second and third groups did not differ significantly from the
controls in terms of the level of tissue granulation (p.0.05),
although significant differences were detected when the
levels of the fourth group were compared to those of second
and third groups (p,0.01). In addition, neovascularization
was also compared, and we found statistically significant
differences between group 4 and the other groups (p,0.05).
These results are presented in Table 3.
In the ischemic groups, the necrosis observed in groups 7
and 8 differed significantly from that in the control group
(group 5) (p,0.05). In contrast, the levels of epithelialization
and inflammation did not differ significantly among the
groups (p.0.05). We also investigated tissue collagen and
neovascularization, and we detected significant differences
between groups 7 and 8 and the control group (p,0.05)
(Figure 2). Moreover, significant differences were observed
between the eighth group and the sixth and seventh groups
(p,0.05). These results are presented in Table 4.
Electron microscopy
Greater collagen deposition was observed between cells
present in the connective tissue from groups 4 and 8 and
those in the control groups. The electron microscopy results
are presented in Figures 1 and 2.
& DISCUSSION
Injury triggers an organized and complex cascade of
cellular and biochemical events that result in wound
healing. Anastomotic healing in the gastrointestinal tract
differs from the healing of other injuries in that a controlled,
full-thickness injury of limited duration is created. This full-
thickness injury elicits a fibrotic response, in which
Table 1 - Bursting pressures in the non-ischemic groups. All of the values are expressed as the means¡ SDs; SD: standard
deviation. The p-value compares group 1 (control) to the other groups.
Bursting Pressure mmHg Group 1 (control) Group 2 (hGH) Group 3 (HBOT) Group 4 (HBOT+hGH)
Min (mm Hg) 58 64 70 52
Max (mm Hg) 140 150 140 128
Average (mm Hg) 81.4 94.5 93.3 97.3
Percentage increased 11.9% 10.5% 12.9%
SD 20.17 21.34 20.48 19.9
p-value p,0.05 p,0.05 p,0.05
Table 2 - Bursting pressures in the ischemic groups. All of the values are expressed as the means ¡ SDs; SD: standard
deviation. The p-value compares group 1 (control) to the other groups.
Bursting Pressure mmHg Group 5 (control) Group 6 (hGH) Group 7 (HBOT) Group 8 (hGH+HBOT)
Min (mm Hg) 24 40 56 50
Max (mm Hg) 104 138 150 140
Average (mm Hg) 62 89.3 109.9 96.5
Percentage increased 44% 77% 56%
SD 21.19 24.32 25.30 28.92
p-value p=0.01 p=0.01 p=0.01
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inflammation, proliferation, and connective tissue deposi-
tion all contribute to generating a fibrotic scar at the site of
repair (15–18). Failure of healing results in dehiscence, leaks,
and fistulas, which carry significant risks of morbidity and
mortality (19–22).
Major surgery is characterized by a hypermetabolic state,
accompanied by increased oxygen consumption, a negative
nitrogen balance, and a loss of body weight (3,6,16). In
addition, catabolism and protein depletion inhibit normal
wound healing, and recombinant GH has shown promise as
an anabolic treatment in post-operative and burn therapy by
increasing protein synthesis and attenuating protein cata-
bolism. Furthermore, systemic GH treatment stimulates
granular tissue formation and increases collagen deposition
and incisional breaking strength (23). The anabolic effects of
hGH have received increasing interest during the early
postoperative period, when the strength of an anastomosis
is lowest (24). The beneficial effects of hGH on colonic
anastomosis and skin wound healing have also been
previously demonstrated (17). In elective colorectal surgery,
9 days of perioperative hGH injections (4 and 8 U/day = 1.3
and 2.6 mg/day) improved nitrogen balances and lean
body mass, even when patients received low-calorie diets;
however, this treatment was associated with an average
retention of 4 liters of fluid (6). In addition, in patients with
sepsis, 7 days of hGH treatment improved net protein
synthesis (6), and 5 days of hGH treatment was shown to
stimulate muscle protein synthesis and increase glutamine
stores in critically ill patients (24). GH also has direct wound
healing effects, and the skin is a target tissue for hGH, both
directly through hGH receptors on the surface of epidermal
cells and indirectly through the action of IGH-1 (25). In the
gastrointestinal tracts of normal rats, hGH administration
stimulates mucosal growth, and a previous study by Tei and
Christensen showed that GH treatment increased trans-
mural colonic growth in rats (25). Silver also demonstrated
that GH increased the breaking strength of colonic
anastomoses and stimulated the collagen deposition rate
of the anastomotic segment, while having no effects on
hydroxyproline concentrations; in addition, this author later
reported that GH caused a significant increase in the
connective tissue thickness of bowel anastomoses (26).
The results of the present study demonstrated that
systemic administration of GH and HBO (groups 4–8)
significantly accelerated two parameters of healing in left-
sided colonic anastomoses. We observed angiogenesis in the
fourth and eight groups, which were administered hGH,
and the angiogenesis rates differed significantly between
these groups and the control group (p,0.01). Another
finding in our study was that bursting pressure was
increased in all of the treatment groups that received non-
ischemic and ischemic colonic anastomoses. In addition,
when we evaluated the groups as ischemic or non-ischemic,
two situations were observed. First, the bursting pressure in
both groups was statistically different compared to the
control groups (groups 1 and 5). Second, no statistical
comparisons were made between the treatment groups, as
this parameter fell outside of the research parameters and
was not of interest in our study. Our sole aim was to
determine whether GH and HBOT would exert positive
effects on the healing process relative to the control groups
(groups 1 and 5). The mean bursting pressure in group 7
was measured as 110 mm Hg, which was the highest mean
value observed among all of the groups. Generally, we
observed that groups 7 and 8, which were classified as
ischemic and which received HBOT, demonstrated more
strict adhesions in the anastomotic areas, and this finding
Figure 1 - Dence collagen deposition (c) is shown in the
anastomotic area. M: mitosis and new vessel in group 4.
Table 3 - Histological assessments in the non-ischemic groups (all parameters scored from 0 to 3). The p-value compares
group 1 to the other groups.
Histological
Assessment Necrosis Epithelialization Inflammation Granulation
Collagen
Deposition Neovascularization
Group 1 (control) 0.7 0.3 2.3 1 0.5 0.8
Group 2 (hGH) 0.6 (p.0.05) 0.3 (p.0.05) 2.4 (p.0.05) 1.5 (p.0.05) 0.7 (p.0.05) 1.9 (p,0.01)
Group 3 (HBOT) 0.3 (p.0.05) 0.3 (p.0.05) 2.2 (p.0.05) 1.5 (p.0.05) 1.1 (p,0.01) 1.9 (p,0.01)
Group 4 (hGH+HBOT) 0.6 (p.0.05) 0.2 (p.0.05) 1.9 (p.0.05) 2.6 (p,0.01) 2.7 (p,0.01) 2.4 (p,0.01)
Figure 2 - Dense and bunch collagen in group 8.
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could be one explanation for the higher bursting pressures
observed in the ischemic treatment groups. However, this
possibility was not examined because it was beyond the
parameters of the study.
Wound healing in the gastrointestinal system involves
processes related to hemostasis/inflammation, proliferation/
fibroplasia, and maturation/remodeling, and delays or
problems during any of these stages can delay healing (27).
Numerous local and systemic factors have been shown to
affect anastomotic healing, and the most important local
factors are the perfusion and oxygenation of the site of
anastomosis. To achieve safe anastomosis, the intestinal
blood flow should exceed 30%. Oxygen is an essential
material for cell metabolism, and it is in especially high
demand during reparative processes, such as cell prolifera-
tion and collagen synthesis. Furthermore, evidence from
animal and cell line studies has shown that hyperbaric
oxygen therapy increases growth factor production and
accelerates wound healing (28). HBO treatment was also
shown to improve distal microvascular perfusion, as mea-
sured by laser Doppler flowmetry of ischemic skin flaps in
rats; this effect was observed for HBO treatment adminis-
tered either during ischemia or following 8 hours of ischemia
(29,30). The tensile strength of wounds, collagen deposition,
and the rate at which the wound closes around a dead space
are affected by the amount of available oxygen. Fibroblasts
cannot synthesize collagen without a reasonable amount of
oxygen, but the presence of molecular oxygen is critical for
the post-translational hydroxylation of prolyl and lysyl
residues, which are required for triple helix formation and
the cross-linking of collagen fibrils (29–32). Fibroblasts are the
primary producers of collagen in the repair response, and
hypoxia affects fibroblasts by decreasing IGF-1 production,
increasing TGF-b production, and increasing procollagen
mRNA levels. Numerous studies have shown, however, that
wound collagen deposition is greatly increased in well-
oxygenated wounds (33,34). The administration of HBO
therapy in wound healing increases the production of growth
factors, such as platelet-related growth factor, transforming
growth factor-b1, and vascular endothelial growth factor (29).
Therefore, HBO has been administered preoperatively to
patients with inadequately vascularized recipient sites, to
stimulate sufficient angiogenesis and too support skin grafts.
The mechanism by which HBO exerts its effect centers on
increasing the oxygen gradient between the underlying blood
vessels and the recipient site, thereby stimulating vessel
proliferation (34–38).
In light of these data in the literature, an important focus
of discussion and consequently the basis of our study regard
whether the synergistic effects of combined HBO and
GH therapy are applicable in colonic anastomosis. In this
study, we showed that combined HBO and GH therapy
significantly accelerated parameters of healing in left-sided
ischemic colonic anastomoses.
In summary, the use of GH, HBO, and the combination of
these two treatments positively affected early wound
healing by increasing granulation, collagen deposition,
and neovascularization. Therefore, HBO, together with the
use of GH to enhance the healing of anastomosis, could be
adopted in clinical practice. Although our findings warrant
further clinical investigation, this study might have clinical
relevance for patients with ischemic and non-ischemic
colonic anastomoses.
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